Isothermal forging of Waspaloy disk was successfully carried out in air by using a new die material, " Nimowal ". The forging was done at 1070N1000°C at a strain rate of 10-3 s-1 and the solution treatment at 10101038°C.
I. Introduction
Isothermal forging is a new process, in which the die and the workpiece are set at a uniform temperature. The process has several advantages compared with the conventional forging;
(1) materials with poor hot workability can be forged, (2) the capacity of the forging press can be smaller, (3) the amount of forging stock can be reduced because of the near net shape forging, and (4) the microstructure and mechanical properties are homogeneous throughout the product.
Isothermal forging has been applied mainly to the production of the aircraft engine parts from titanium alloys and superalloys. In particular, it is the technique indispensable to fabricate a high-grade disk from the powder of superalloys containing a large amount of r', such as IN-100.
One of disadvantages of isothermal forging is the high cost of the equipment particularly for the protection of oxidation of the die. It needs to equip a vacuum chamber surrounding the die set. This makes the forging apparatus complicated and forging practice inefficient. Therefore, the application of isothermal forging has been limited mainly to high-grade materials.
In order to overcome the disadvantage, a new die material of high oxidation resistance and high-temperature strength, " Nimowal ", has been developed.1 It is a nickel-base cast alloy consisting of 10 % Mo, 12 % W, 6 % Al and 0.01 % Y. This new material enables the operation of isothermal forging in air, being applicable more extensively to the higher or lower-grade materials with a lower cost of equipment.
In this paper, isothermal forging in air was applied to a representative wrought superalloy, Waspaloy, which is usually produced by the conventional ingot method. Waspaloy has been served in jet engines as turbine blades and as turbine and compressor disks. In the turbine blade application, creep and creep rupture strength are important, so the solution treatment temperature is above the r' solvus temperature limited within 1 066N 1 079°C. However, in the disk application, tensile and low cycle fatigue strength are of the greatest concern, thus the solution treatment temperature is lowered to near the r' solvus temperature within 996N 1038°C to obtain fine grain structure.2~
Forging of Waspaloy by the conventional technique is not an easy work because of its fairly high strength at the forging temperature range and the necessity of precise control of the forging and solution treatment conditions which strongly affect the grain size and the mechanical properties of Waspaloy especially when solution treated at low temperatures for disk application. In an isothermal forging, the control of forging conditions would be easier and a high homogeneity of microstructure and mechanical properties of the product are expected. Moreover, since the microstructure of Waspaloy can be controlled more optimally in the isothermal forging than in the conventional forging, it is interesting to analyze the relation between the microstructure and the mechanical properties of forged products.
The purposes of this investigation are as follows : 1) to form disks of Waspaloy by isothermal forging in air by using the Nimowal die, 2) to find out the optimum conditions of isothermal (959) forging and heat treatment, and 3) to analyze the relation between the ture and the mechanical properties products. Table 1 and the sizes of stocks for isothermal forging are shown in Table 2 together with forging conditions. Figure 1 shows a schematic diagram of the isothermal forging apparatus. The capacity of the forging press is 1 500 t. The heating apparatus consists of electrical nonmetallic resistance heating elements and heat-insulators surrounding the die. Nimowal was fabricated in two shapes shown in Fig. 2 . These dies are nearly of a net shape to the product and the weight of forging stock is reduced by 10 N 38 % compared with the conventional forging. Table 2 shows the isothermal forging conditions in which 4 temperature levels between 1 070 and 1 000 °C and a constant initial strain rate of 10 s-1 were selected. In a preliminary test, the conditions Nos. 1 to 3 were examined and the same die was used in forging. After the trials of disk forging, the condition No. 4 was selected in expectation of optimizing the microstructure and the mechanical properties. A smaller and more complexly shaped die was provided for No. 4 forging.
Most of the blanks for mechanical test specimens were cut from the disks so that the tensile axis was aligned to the radial direction of the disks. The blanks of creep rupture specimens of No. 4 disk was cut in parallel to the tangential direction, since the size of No. 4 disk was too small to sample all specimens in the radial direction. These blanks were heat-treated in three conditions as shown in Table 3 ; solution treatment was done at 1 010, 1 024 and 1 038 °C followed by a fixed aging treatment .
Tensile test specimens of 6.35 mm diameter and combined smooth and notched creep rupture specimens of 4.52 mm diameter were machined from these blanks. Tensile tests were carried out at room temperature and 538°C. Creep rupture tests were performed at 732°C under a stress of 551 MPa. The gauge length used for the elongation measurement was 4 times of the diameter.
Microstructures of as-forged and fully-heat-treated specimens were observed with optical and scanning electron microscopy (SEM). Microstructures of solution-treated specimens were examined with transmission electron microscopy (TEM). The size and the volume fraction of r' particles were determined on the TEM or SEM photographs.
III. Experimental Results
Isothermal forging of Waspaloy disks was successfully performed. Figure 3 shows the appearance of an isothermally forged disk. No damage was ob- (mass%) served on the die. Oxidation of the die was slight enough for practical use. Thus, it was confirmed that the isothermal forging in air with Nimowal was possible.
As-forged microstructures of the disks were homogeneous as a whole. Figure 4 shows the as-forged microstructures of the disks forged at various temperatures. Grains were mostly equiaxed and became finer as the forging temperature was lowered. Figure 5 shows the effects of forging temperature and solution treatment temperature on grain size. Except for the specimen forged at 1 000°C and solution-treated at 1 038°C, it is evident that the grain size is significantly influenced by the forging temperature, but not by the solution treatment temperature. This is in contrast with the conventionally forged Waspaloy, in which rapid grain growth occurs in the range of the solution treatment temperatures.
The effects of forging and solution treatment temperatures on tensile properties are shown in Fig. 6 for room temperature test and in Fig. 7 for 538°C test; the reported data of the conventionally forged Waspaloy3~ are included for a comparison. The dependency of these mechanical properties on the forging temperature and the solution treatment temperature is similar at both temperatures.
The yield strength (0.2 % offset) of isothermally forged Waspaloy increased as forging temperature was lowered. The relation between the solution treat- Iv. Discussion
Microstructures of Isothermally Forged Waspaloy
As mentioned previously, Waspaloy for disk application is solution-treated at a relatively low temperature. Thus, the complex dislocation tangles generated by forging operation and the r' particles precipitated during forging or cooling after forging may remain after solution treatment. The dislocation tangles and the morphology of the r' particles in addition to grain size are probably the major factors influencing the strength of Waspaloy.
In the conventional forging, the finishing deformation temperature is generally below the r' solvus temperature,3~ so the dislocations generated during deformation are pinned by the r' precipitates. Thus, after the solution treatment below the r' solvus tempera ture, the stabilized dislocation structure will be retained. This contributes to the increase in yield strength.2'3> However, by the solution treatment above the r' solvus temperature, recrystallization and grain growth will occur immediately after the dissolution of the r' particles, because the dislocation tangles motivate recrystallization.2'4~ This recrystallization and grain growth causes a rapid decrease of yield strength as solution treatment temperature is raised, as previously demonstrated in Figs. 6 and 7. Figure 9 shows the SEM micrographs of as-forged and fully-heat-treated specimens forged at 1020°C. In an as-forged specimen ( Fig. 9(a) ), are seen coarse r' particles which precipitated during forging or cooling after forging. On the other hand, in fully-heattreated specimens (Figs. 9(b) '-.9(d)), are present both coarse r' particles and fine r' precipitates. The coarse r' particles in fully-heat-treated specimens are larger in size and smaller in number than those in as-forged 
Analysis of Yield Strength
From the microstructural observations, the major factors determining the yield strength of isothermally forged Waspaloy are the grain size controlled by forging conditions and the morphology of the r' particles controlled by solution treatment conditions. Figure 12 shows the relation between the average grain diameter, d, and the yield strength, There is a general tendency that the relationship between d Table   4 . Values of the radius of the coarse i.' particles (r), the volume fraction of the coarse r~ particles (f), the frictional stress ('o) and the stress required to bypass the coarse particles ('bypass) at various conditions. ISIJ, Vol. 28, 1988 (963) and a'ys for specimens solution-treated at a given temperature follows a Hall-Petch relationship :
where, ao : the frictional force k : the material constant. The frictional force oo is dependent on the solution treatment temperatures, and it may consist of the following three contributions; 1) the coarse r' particles, 2) the fine r' precipitates, and 3) the matrix r phase.
It is assumed that the volume fraction of the fine r' precipitates depends on that of the coarse r' particles according to the relation that the total r' volume fraction is 22.1 %. This value was obtained from an experiment on Waspaloy by Kriege and Baris7~ by means of an electrolytic separation method. Figure 13 shows the relation between io and the volume fraction of the coarse r' particles. The frictional force 6o decreases as the volume fraction of the coarse r' particles is increased. This suggests that the fine r' precipitates contribute to the yield strength of Waspaloy more than the coarse r' particles.
It is most probable that dislocations bypass the coarse r' particles and cut the fine r' precipitates.5~ Thus, on the assumption of the law-of-mixture rule for the three contributions, the total frictional force is If p=77 000 MPa and b=2.49X 10-7 mm for pure Ni can be applied, the bypass stresses were calculated for three different solution treatment temperatures. The results are shown in Table 4 . By using the values of oro, f and abypass of the specimens solution-treated at 1 010 and 1038°C and ft= 22.1 %, Eq. (3) can be solved to obtain the best fitting value as °cut=1 449 MPa and a7=510 MPa for the room temperature test and 6cut=1 346 MPa and 6r= 444 MPa for the 538°C test. The theoretical curves where shear stress is converted to tensile stress. Thus r0=180 X 10-3 Jfm2 at room temperature and r0= 168 X 10-3 J/m2 at 538°C. These values are consistent with the reported values of nickel-base superalloys.9>10~
The frictional force of matrix r phase was compared with that of Ni-base alloy strengthened by the solid solution of such elements as Cr, Mo, Ti and Al. The data by Kriege and Baris7~ was used as the composition of the matrix of Waspaloy and the increase in the flow stress corresponding to the composition was estimated according to the experimental results by Mishima et al.11 The estimated flow stress at -196 °C was about 550 MPa , which is close to the o obtained in the present study. Thus, these facts suggest that the obtained values of acct and o are reasonable.
temperature was raised. This is attributed to the increase in the volume fraction of the fine r' precipitates during aging treatment without grain growth as solution treatment temperature was raised.
(5) Creep rupture strength of isothermally forged Waspaloy is high compared with conventionally forged Waspaloy.
(6) The fine grain structure and optimum mechanical properties of isothermally forged Waspaloy were obtained when the forging temperature was below 1 020°C and the solution treatment temperature was around 1 024°C.
(7) The strengthening mechanism of isothermally forged Waspaloy was successfully analyzed. It is attributed to grain size effect according to the HallPetch relationship, the Orowan mechanism of bypassing of the coarse r' particles, the antiphase boundary strengthening due to the cutting of the fine r' precipitates and the frictional force of matrix r phase. The analysis reveals that the antiphase boundary energy of r' phase in Waspaloy is 180 X 10-3 J/m2 at room temperature and l68 x 10-3 J/m2 at 538°C, the frictional force of the r phase is 510 MPa at room temperature and 444 MPa at 538°C.
V. Conclusion
Isothermal forging of Waspaloy disks was carried out in air. Major results obtained are as follows.
(1) Waspaloy was successfully forged to a near net shape disks. The weight of forging stock was reduced compared with that for conventional forging.
(2) The die made of Nimowal did not show any damage with weak oxidation after forging. Thus, it was confirmed that Nimowal can be practically used for isothermal forging in air.
(3) Microstructures of Waspaloy disks were homogeneous as a whole. Its grain size became finer as forging temperature was lowered, but it was not affected by the solution treatment temperature within 1010-'1 038°C.
(4) The yield strength of isothermally forged Waspaloy increased slightly as solution treatment temperature was raised, in contrast to the case of conventionally forged Waspaloy in which the yield strength decreased drastically as solution treatment 
